The instantaneous linewidth of rapidly wavelength-swept laser sources as used for optical coherence tomography (OCT) is of crucial interest for a deeper understanding of physical effects involved in their operation. Swept lasers for OCT, typically sweeping over~15 THz in~10 μs, have linewidths of several gigahertz. The high opticalfrequency sweep speed makes it impossible to measure the instantaneous spectrum with standard methods. Hence, up to now, experimental access to the instantaneous linewidth was rather indirect by the inverse Fourier transform of the coherence decay. In this Letter, we present a method by fast synchronous time gating and extraction of a "snapshot" of the instantaneous spectrum with an electro-optic modulator, which can subsequently be measured with an optical spectrum analyzer. This new method is analyzed in detail, and systematic artifacts, such as sideband generation due to the modulation and residual wavelength uncertainty due to the sweeping operation, are quantified. The method is checked for consistency with results from the common, more indirect measurement via coherence properties.
Optical coherence tomography (OCT) [1] is a highresolution optical imaging technique and is the main application for very rapidly wavelength-swept lasers with tuning rates of ∼1:5 THz=μs and tuning ranges of ∼15 THz or more, such as Fourier domain mode-locked (FDML) lasers [2] or standard rapidly wavelength-swept lasers [3] .
While recently the depth-scan rates in swept-source OCT (SS-OCT) have been substantially increased by faster wavelength-swept lasers [4] , the maximum ranging depths have not advanced comparably. Nevertheless, longer OCT ranging depths, achievable by a narrower instantaneous linewidth, or equivalently longer instantaneous coherence length of the laser, would be preferred for applications such as ophthalmology [5] and upper airway imaging [6] and for ranging and sensing [7, 8] .
To understand and optimize the linewidth of cw lasers in general, several methods have been established. However, they are not directly applicable to measure the instantaneous linewidth of very rapidly wavelength-swept lasers, as are used for SS-OCT.
The problem is that most of these known measurement techniques probe the time-integrated linewidth or coherence length of a light source. For swept lasers, the total spectral width is given by the wavelength sweep range of typically ∼100 nm and the coherence length is ∼20 μm. These values correspond to the standard mathematical definition of spectral width/linewidth and coherence length. In SS-OCT they determine the achievable axial resolution. However, in SS-OCT, another value, the so called instantaneous linewidth or instantaneous coherence length, plays a crucial role, because it determines the maximum achievable ranging depth. The instantaneous linewidth depends essentially on cavity dispersion, the width of the spectral filter [9] , and the sweep speed [4] and is usually much larger than the linewidth of the unswept laser, which is of less practical relevance.
The instantaneous linewidth represents the hypothetical linewidth of the source for a measurement with an infinitely short acquisition time if time-bandwidth limitations would be negligible. Because a short measurement time broadens the frequency/spectral resolution, the linewidth cannot be directly measured. Further, because for any finite acquisition time, the laser changes its wavelength, no really instantaneous value for linewidth can be measured.
For these reasons, in most cases only the "approximate average linewidth" over one wavelength sweep is deduced by Fourier transform of the interference fringe visibility [9] [10] [11] . Hence, an alternative access to this laser parameter allowing for additional spectral or temporal resolution is desirable.
In this Letter we present a method using an electrooptical modulator (EOM) as a fast shutter, driven synchronously to the sweep operation, transmitting only a small fraction of each sweep, which is then spectrally analyzed. This method is checked for its inevitable systematic artifacts, such as (i) spectral broadening by sideband generation due to modulation and (ii) spectral broadening by the laser sweep operation during time gating. Also, the method is compared to the more common, but indirect, measurement of linewidth using the coherence properties [9] [10] [11] . Here, we demonstrate the advantages of the new method by using it to analyze the operation and coherence dynamics of an FDML laser, but the method could be applied to any other rapidly swept laser source.
The spectral intensity SðωÞ of a light source can be recorded by measuring the autocorrelation ΓðτÞ of light at different times t in an (e.g., Michelson) interferometer with arm length mismatch/delay τ ¼ Δz=c and applying the Wiener-Khinchin theorem, which states that spectrum and autocorrelation are linked by Fourier transform:
This theorem is widely used in Fourier transform IR spectrometers, and it can also be applied to measure the timeintegrated spectrum of a swept laser, i.e., the sweep spectrum. However, when applied to swept lasers to measure the instantaneous spectrum, there is an ambiguity problem, as the phase of the autocorrelation term changes when either the delay τ or the wavelength of the laser changes. Therefore, the time over which the autocorrelation term is integrated must be restricted. At typical OCT fringe frequencies below 100 MHz, this corresponds to measuring times on the order of 1 ns. Unfortunately, because of the narrow instantaneous linewidth and the high oscillation frequency of the autocorrelation signal, this approach requires subwavelength sampling intervals in the interferometer over centimeter ranges at all different wavelengths of the sweep, resulting in a large number of measurement points. A more practical way is to measure the decrease in fringe visibility of the laser [11] , which is the mean magnitude of the autocorrelation versus interferometer arm mismatch and often called "roll-off" performance in the context of swept lasers for OCT [9, 10] . The roll-off is recorded for the whole sweep; therefore, it is averaged over all wavelengths. A method to record a wavelength dependent roll-off is to apply a window function to the recorded interferometric signal such that only fringes from the desired wavelength interval account for the roll-off.
In the described roll-off measurements, the phase information is lost and, therefore, the Fourier transform of the magnitude of the autocorrelation will be single sided and shifted to zero. If the instantaneous spectrum is Gaussian shaped, it can be correctly recovered from the roll-off measurement without knowledge of the phase. For other spectral shapes, usually the calculated instantaneous spectrum is merely an estimate, and the value of the linewidth represents a lower limit. This limitation makes an alternative linewidth measurement technique desirable.
We present an alternative approach to measure the instantaneous spectrum of rapidly wavelength-swept lasers. For the measurement, we use a polarizationmaintaining (PM) FDML laser (Fig. 1) [12] . The gain medium is a semiconductor optical amplifier (SOA, Covega Corp., "BOA 1132"), and the optical bandpass filter is a PM Fabry-Perot filter (FFP-TF, Lambda Quest, Inc.). The laser has a sweeping range of 95 nm [see Figs. 2(a) and 2 (b)] at 20 mW output power. We use a fast amplitude modulator in combination with a spectrometer, providing direct access to the actual spectral shape. The method uses a function generator to drive the FDML laser and to trigger a 1:6 ns [see Fig. 2(c) ] electronic pulse (Picosecond Pulse Labs, model 2600). This pulse is used to drive an EOM (Photline "MX13") such that it always cuts out a τ gate ¼ 1:6-ns-long optical waveform at the same spectral position of the sweeps. The transmitted laser light is then recorded with an optical spectrum analyzer with 20 pm resolution, thus giving an average of the instantaneous linewidth.
There are three effects leading to a broadening of the measured linewidth. First, there is the sweep-to-sweep jitter, i.e., the timing jitter of a certain wavelength range within different sweeps. We measured this value to be 0:8 ns using a monochromator and analyzing the timing jitter of the transmitted light intensity during FDML operation. It should be underlined that this value of jitter may be higher for non-FDML lasers, making this artifact more dominant. The 0:8 ns jitter leads to a small broadening of <13 pm owing to averaging in the OSA. As a second effect, the 1:6 ns modulation of the light generates sidebands in the transmitted spectrum. By Fourier transform of the time gate, we calculated this effect to cause an ∼4 pm broadening. The third effect causing artifacts results from the fact that the laser changes its frequency during the transmission time gate of the modulator. As the sweep speed is proportional to the derivative of the sinusoidal drive waveform [see Fig. 2(a) ], this effect depends on the temporal position of the timing gate, being maximal in the sweep center with a calculated broadening of 27 pm. Further temporal narrowing of the 1:6 ns time gate would reduce this effect, and at an optimum ∼0:5 ns time gate, modulation broadening and sweep broadening both would be roughly 10 pm. Adding up all three effects to the spectral resolution of the OSA, we estimate roughly an ∼35 pm apparatus function of our setup. To support these theoretical calculations, we made the linewidth measurement with different gate lengths and observed that the measured linewidth is dominated by the instantaneous linewidth for gate times below 5 ns. For linewidth measurements of lasers with higher sweep speeds, the gate window would have to be further decreased. At sweep speeds of 1 MHz at a 100 nm optical bandwidth, we calculated a minimum achievable broadening of 34 pm, so that this method is still valuable for instantaneous linewidths larger that 100 pm.
To compare the commonly used roll-off measurements with our method, the linewidths of our FDML laser were measured at different frequencies for six different wavelengths. In Fig. 3(a) , the instantaneous spectrum measured with both methods is shown. The spectrum calculated from the roll-off is symmetrical and does not reproduce the asymmetries in the lineshape that can be measured with the new method. We found the lineshape to be asymmetric with a pedestal on the short wavelength side for detuning the laser to lower frequencies and a pedestal on the long wavelength side for higher frequencies. At the resonance frequency of the laser, the lineshape was found to be symmetric.
In Fig. 3(b) , the FWHM measured by Fourier transform is plotted versus frequency and versus time within the sweep. The corresponding wavelengths can be read in Fig. 2(a) . It can be seen that the linewidth is minimal at a certain frequency. Because of cavity dispersion, this frequency depends on the wavelength, and the curve of minimum linewidth can be used as an estimate for the dispersion, which has its minimum at 1310 nm. At higher and lower frequencies, the linewidth increases, leading to a steeper roll-off in OCT. The qualitatively same behavior can be seen in Fig. 3(c) , where the linewidths measured with the EOM are plotted. As expected, the mean values for the linewidth are larger.
To compare the linewidths with respect to wavelength and FDML frequency, the ratio of the FHWM (EOM/ roll-off) of both methods is plotted in Fig. 3(d) . The linewidth of the EOM method is expected to be larger, leading to a ratio larger than 1. It can be seen from the graph that this is true (with an average value of 1.24), except for a small region. The reason for this deviation is unclear, while the varying ratios of measured linewidths are expected to originate from different (asymmetrical) shapes of the actual spectrum and varying sweep to sweep jitter.
In conclusion, we have demonstrated a more direct method to measure the instantaneous linewidth of a rapidly swept laser. It has been shown that the new method is capable of measuring the actual shape of the spectrum and that the linewidths match to within a factor of 1.7 with those obtained by Fourier transform. These findings will allow for further detailed measurements of the instantaneous linewidth, which is expected to build the basis for a comprehensive understanding and to further optimize rapidly wavelength swept and FDML lasers in the future.
